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We report first-principles calculations, using the full potential linear augmented
plane wave method, on six lead halide semiconductors, namely, CH3NH3PbI3,
CH3NH3PbBr3, CsPbX3 (X=Cl, Br, I), and RbPbI3. Exchange is modeled using
the modified Becke-Johnson potential. With an appropriate choice of the parameter
that defines this potential, an excellent agreement is obtained between calculated
and experimental band gaps of the six compounds. We comment on the possibility
that the cubic phase of CsPbI3, under hydrostatic pressure, could be a topological
insulator.
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I. I. INTRODUCTION
Recently, materials with halide perovskite structure, with the general formula ABX3,
have attracted great interest, primarily because of their potential applications as light har-
vesters in solar cells1 and as topological insulators.2,3 Many studies have ensued with the
aim of both improving the performance of these materials in photovoltaic cells and of un-
derstanding which physical parameters may determine the efficiencies.4–19 For example, Lee
et al.16 report a solution-processable solar cell which uses a perovskite of mixed halide form,
namely methylammonium lead iodide chloride, CH3NH3PbI2Cl (abbreviated as MAPbI2Cl),
with a solar-to-electrical power conversion efficiency of 10.9%. Using chemically-tuned
MAPb(I(1−x)Brx)3 perovskites as light harvesters, a mesoporous titanium dioxide (TiO2)
2film, and a hole-conducting polymer, Noh et al.17 demonstrate solar cells with a 12.3% power
conversion efficiency. Burschka et al.18 describe a sequential deposition method whereby
MAPbI3 nanoparticles are formed within porous TiO2, resulting in a power conversion ef-
ficiency of 15%. Liu et al.19 have subsequently shown that such nanostructuring is not
necessary for high efficiencies; a planar heterojunction solar cell, with a deposited thin film
of MAPbI2Cl acting as a light absorber, can achieve an efficiency exceeding 15%.
MAPbI3 and similar compounds are derived from a class of trihalide perovskite structures
with the formula ABX3 (A=Cs, Rb; B=Pb; X=Cl, Br, I) by replacing the alkali-metal
atom with methylammonium (MA). Such a replacement causes a large downshift in the
semiconducting energy gap, making the compounds useful for photovoltaic applications. It
is anticipated that different band gaps may be obtained by replacing methylammonium with
other entities such as NH4 or CH2CH, by applying pressure, or by using thin films consisting
of only a few layers.
To maximize the usefulness of such materials in photovoltaic applications, it is important
to begin by developing computational techniques that accurately describe their electronic
structure. Density functional theory in the Kohn-Sham formulation20 is the most widely-
used method. Here, the exchange-correlation potential is approximated by a functional of the
electronic density. The most common approximations are the local density approximation
(LDA),20 the generalized gradient approximation (GGA),21 and the hybrid approximation.22
While LDA and GGA provide a successful description of ground-state properties in crystals,
this success does not extend to a description of excited states. In many semiconductors, LDA
and GGA strongly underestimate the value of the energy gap. Improved values for the band
gaps are usually obtained by using the GW method.23 However, the high computational cost
of this method limits its applicability to crystals with a small number of atoms in the unit
cell.
An exchange potential was recently proposed by Becke and Johnson (BJ), designed to
yield the exact exchange potential in atoms.24 Unfortunately, the use of this potential led
to a slight improvement in the energy gap values for many semiconductors.25 A simple
modification of the BJ potential was proposed by Tran and Blaha.26 In this method, known
as TB-mBJ, the exchange potential is given by
3V TB mBJx (r) = cV
BR
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1
pi
√
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ρ(r) =
N∑
i=1
|ψi(r)|2 (2)
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is the Becke-Roussel exchange potential.27 The function x(r) in the above equation is de-
termined by a nonlinear equation involving ρ, ∇ρ, ∇2ρ, and t. Once x(r) is found, b(r) is
determined by
b = x[e−x/(8piρ)]1/3 (5)
In the TB-mBJ potential given in Eq (1),
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√
g (6)
where
g =
1
Ω
∫
1
2
( |∇ρ↑(r)|
ρ↑(r)
+
|∇ρ↓(r)|
ρ↓(r)
)
d3r (7)
is the average of |∇ρ/ρ| over the unit cell of volume Ω. The parameters A = −0.012 and
B = 1.023 bohr1/2 were chosen because they produce the best fit to the experimental band
gaps of many semiconductors. Studies have shown that the TB-mBJ potential is generally as
accurate in predicting the energy gaps of many semiconductors as the much more expensive
GW method.28
4Despite its many successes, however, the performance of the TB-mBJ method is not very
satisfactory in certain cases, especially for transition metal oxides. To improve the band gap
prediction, Koller, Tran, and Blaha29 consider a more general form for c,
c = A+Bge (8)
They vary the values of parameters A, B, and e in order to improve the quality of the fit
between the calculated and the experimental energy gaps of many semiconductors. There
is an overall improvement in predicting the energy gaps of semiconductors with moderate
gaps when A = 0.267, B = 0.656, and e = 1. The modified BJ method employing these
values for A, B, and e will be referred to as the KTB-mBJ method. It should be pointed out
that, in terms of computational time and resources, the requirements for the TB-mBJ and
KTB-mBJ methods are essentially the same as those for standard LDA or GGA methods.
Therefore, these methods may be easily used to calculate the electronic structure of crystals
with large unit cells, where the cost of the GW method is prohibitive.
In this work, we present first-principles calculations on the electronic structure of six
compounds, namely MAPbI3, MAPbBr3, CsPbX3 (X=Cl, Br, I), and RbPbI3. All of these
compounds have a perovskite structure, characterized by a Pb atom that is octahedrally
coordinated to six halogen atoms. We show that GGA, when spin-orbit coupling (SOC) is
included, severely underestimates the band gaps in these semiconducting materials. Though
TB-mBJ and KTB-mBJ methods lead to significant improvement in the values of the gaps,
both methods still underestimate the energy gaps by a wide margin. We then show that
keeping parameters B and e essentially the same as in TB-mBJ, while adopting a new value
for A leads to results that are in excellent agreement with experimental values.
II. II. METHODS
Total energy and band structure calculations are carried out using the all-electron, full
potential, linear augmented plane wave (FP-LAPW) method as implemented in the WIEN2k
code.30 Here, each atom is surrounded by a muffin-tin sphere, and the total space is divided
into two regions. One region consists of the interior of these nonoverlapping spheres, while
the rest of the space constitutes the interstitial region. The radii of the muffin-tin spheres
are 2.5 a0 for Cs, Rb, Pb, I, and Br, 2.37 a0 for Cl, 1.27 a0 for N, 1.33 a0 for C, and 0.68 a0
5for H, where a0 is the Bohr radius. In GGA calculations, the exchange correlation potential
is that proposed in reference.21
The valence electrons’ wave functions inside the muffin-tin spheres are expanded in terms
of spherical harmonics up to lmax = 10. In the interstitial regions, they are expanded in
terms of plane waves, with a wave vector cutoff of Kmax. Because of the small muffin-tin
radius of hydrogen atoms, we set RHKmax = 3 in CH3NH3PbI3 and CH3NH3PbBr3, where
RH = 0.68 a0 is the muffin-tin radius of the H atom. In the remaining four compounds,
we set RmtKmax = 9, where Rmt is the smallest muffin-tin radius. The charge density is
Fourier expanded up to a maximum wave vector of Gmax, where Gmax = 20 a
−1
0 for MAPbI3
and MAPbBr3, and G = 13 a
−1
0 for the remaining compounds. The convergence of the self-
consistent calculations is achieved with a total energy tolerance of 0.1 mRy and a charge
convergence of 0.001 e.
III. III. RESULTS AND DISCUSSION
At high temperatures, lead halide perovskites have a simple cubic unit cell, where Pb sits
at the center of the cube and is octahedrally coordinated to six halogen atoms, while alkali
atoms sit at the cube corners, as shown in Fig. 1. As the temperature is lowered, distortions
lead to tetragonal and/or orthorhombic structures. In our calculations, we use the room
temperature crystal structures of the various compounds. These are listed in Table I. For
CsPbI3, which is orthorhombic at room temperature, we also study the high temperature
cubic phase, which was predicted to be a topological insulator when subjected to hydrostatic
pressure.2
We carried out band structure calculations on the six compounds shown in Table I. Using
GGA, we found that, upon including the effect of SOC, the band gaps of all compounds are
severely underestimated. The values of the gaps are improved by using the TB-mBJ method,
and are improved further by using the KTB-mBJ method. However, the improvement
does not go far enough, and the gaps are still far below the experimental values. We thus
considered a new set of values for the parameters that appear in Eq. (8), namely,
A = 0.4, B = 1.0, e = 0.5 (9)
The parameters B and e are essentially the same as in the TB-mBJ method, but the
6FIG. 1: (Color online) Cubic perovskite structure with alkali atoms occupying the A sites, Pb
atoms occupying the B sites, and halogen atoms occupying the X sites.
TABLE I: Crystal structure and lattice constants for the compounds studied in this work.
Compound Structure Lattice constants (A˚)
CH3NH3PbI3 Tetragonal a=8.856, c=12.655
a
CH3NH3PbBr3 Cubic a=5.933
b
CsPbCl3 Cubic a=5.605
c
CsPbBr3 Orthorhombic a=8.244, b=11.735, c=8.198
d
RbPbI3 Orthorhombic a=10.276, b=4.779, c=17.393
e
CsPbI3 Orthorhombic a=10.458, b=4.801, c=17.776
e
CsPbI3 Cubic a=6.2894
e
a Poglitsch and Weber31
b Mashiyama et al.32
c Moreira and Dias33
d Stoumpos et al.34
e Trots and Myagkota35
parameter A is different. With this new set of values for A, B, and e, the calculated band
gaps of all six compounds are in excellent agreement with the experimental values. Our
results are summarized in Table II where we present the band gaps calculated by using
different methods. The gaps obtained by using the above values for A, B, and e are given
7TABLE II: Calculated and experimental band gaps, in eV, for the compounds that are studied in
this work. The band gaps obtained by using parameters in Eq. (9) are reported under “Present
method.”
Compound GGA GGA+so TB-mBJ KTB-mBJ Present method Experimental
CH3NH3PbI3 1.492 0.377 0.844 0.921 1.544 1.5-1.6
[a,b]
CH3NH3PbBr3 1.668 0.453 1.183 1.406 2.233 2.28
[a]
CsPbCl3 2.498 0.707 1.585 1.889 2.829 2.86
[c]
CsPbBr3 1.794 0.669 1.316 1.461 2.228 2.24
[c,d]
RbPbI3 2.468 1.828 2.387 2.446 3.302 3.17
[e]
CsPbI3 2.504 1.876 2.426 2.476 3.330 3.14
[e]
CsPbI3 (cubic) 1.324 0.072 0.485 0.529 1.072 -
a Noh et al.17
b Baikie et al.36
c Liu et al.37
d Stoumpos et al.34
e Yunakova et al.38
in the column labeled ’Present method.’
The calculated energy bands of MAPbI3 along high symmetry directions in the Brillouin
zone (BZ), in addition to the electronic density of states, are presented in Fig. 2. The valence
band maximum (VBM) and conduction band minimum (CBM) occur at the Γ-point, the BZ
center. In cubic perovskites, the gap occurs at point R(1/2, 1/2, 1/2). However, at room
temperature, MAPbI3 has a body-centered tetragonal crystal structure with two formula
units per primitive cell. Its conventional unit cell, containing four formula units, is a slightly
distorted
√
2×√2×2 supercell of the high temperature cubic phase unit cell. The distortion
consists mainly of a rotation of the octahedron by 10.45 ◦ about the c-axis. Point R of the
cubic lattice BZ is zone-folded into the Γ-point of the body-centered tetragonal lattice BZ.
The density of states of MAPbI3 is shown in Fig. 2, where we see that the low-lying
conduction bands are derived from Pb p states. On the other hand, the bands in the range
-4 eV to -2 eV are dominated by iodine-derived states. The valence band just below the
Fermi energy is derived from lead s and iodine p states. These observations become clear
8FIG. 2: (Color online) Band structure and density of states of CH3NH3PbI3.
upon considering the atomic orbital character of the bands, which is presented in Fig. 3.
The size of the circles is indicative of the contribution of the chosen atomic orbital to the
eigenstates at each k-point. The CBM is derived mostly from Pb 6p states. The VBM, on
the other hand, is a mixture of Pb 6s and I 5p states. The antibonding state formed from
these s and p states is pushed up in energy close to the Fermi level. The large contribution
of Pb 6s (l = 0) states to the VBM and Pb 6p (l = 1) states to the CBM suggests that there
are strong optical transitions between the VBM and CBM (∆l = 1), hence the usefulness of
this material in solar applications.
CH3NH3PbBr3 (MAPbBr3) has a cubic unit cell. Its band structure is shown in Fig. 4,
and, as expected, the band gap occurs at point R(1/2, 1/2, 1/2) in the Brillouin zone. As
with the case of MAPbI3, its VBM is a mixture of Pb 6s and Br 4p states, whereas its
CBM is derived from Pb 6p states. In the absence of SOC, its CBM is six-fold degenerate
(including spin degeneracy). Due to SOC, its CBM is split into a doublet (j = 1/2) and a
quartet (j = 3/2). The doublet is lowered in energy by an amount λ, whereas the quartet
is raised in energy by λ/2, where λ ≈ 1.1 eV. Similar perovskite structures, namely CsSnX3
(X=Cl, Br, I), where Sn replaces Pb, show a much smaller spin splitting of ∼ 0.4 eV.39 Since
the VBM is composed of Pb s and Br p orbitals, it is shifted slightly upward due to SOC
on Br atoms. The large energy split of the CBM is, of course, due to the strong SOC on Pb
9FIG. 3: (Color online) Orbital character of the valence and conduction bands of CH3NH3PbI3.
The contribution of the selected orbital is proportional to the size of the circle, with a single point
denoting zero contribution. (a) Pb 6s orbital, (b) Pb 6p orbital, and (c) I 5p orbital.
atoms.
Finally, we consider the CsPbI3 crystal. At high temperature (>634K), the crystal is
cubic, but at room temperature, it is strongly distorted to an orthorhombic structure. Based
on LDA and sx-LDA calculations, it has been suggested that, under hydrostatic pressure, the
cubic phase might become a topological insulator.2 Calculations made using sx-LDA suggest
a gap of 0.566 eV for CsPbI3 and 0.218 eV for CsSnI3. With decreasing lattice constants, the
band width increases and the band gap decreases; at some critical pressure, band inversion
occurs. For CsPbI3 and CsSnI3, those critical pressures are predicted to be 3.33 GPa and
0.96 GPa, respectively. However, GW calculations on CsSnI3 give a much larger band gap
of 1.008 eV.39 Our calculation on the cubic phase of CsPbI3 shows that the band gap is 1.07
eV, larger by 0.5 eV than predicted by sx-LDA. Assuming linear dependence of the energy
gap on lattice constant,2 a critical pressure of 6.6 GPa has to be applied to cause band
inversion.
The band structure of cubic CsPbI3 is shown in Fig. 5. The band gap occurs at point
R. As in the cases discussed previously, its CBM is derived from Pb 6p states, whereas its
10
FIG. 4: (Color online) Band structure and partial density of states of CH3NH3PbBr3.
VBM is a mixture of Pb 6s and I 5p states. Without SOC, the calculated band gap is 2.27
eV, and the CBM is six-fold degenerate (including spin degeneracy). SOC on Pb splits its
CBM into a doublet (j = 1/2) and a quartet (j = 3/2). The doublet is lowered in energy
by 1.1 eV, while the quartet is raised by 0.55 eV. On the other hand, SOC on the I atoms
raises the VBM by 0.1 eV.
As a further check on our results for cubic CsPbI3, we repeated the calculation of the band
gap using the GW approximation within the linear augmented plane wave formalism.40 In
this method, the electron’s proper self energy Σ* is approximated as a product of the electron
Green’s function (G) and an effective interaction term (W). We carried out the calculation
in the absence of spin-orbit coupling and using the G0W0 and GW0 approximations. The
electron’s proper self energy in these approximations is shown graphically in Fig. 6. We
found that within the G0W0 approximation, the band gap is 2.04 eV, and it increases to
2.19 eV upon employing the GW0 approximation. This result is in excellent agreement with,
the value of 2.27 eV, which we obtained for the band gap, in the absence of SOC, by using
the modified Becke-Johnson form of the exchange potential.
In conclusion, we have presented electronic structure calculations on six lead halide com-
pounds using the modified Becke-Johnson method. We used the experimental crystal struc-
ture of these compounds at room temperature. We found that by modifying the parameters
11
FIG. 5: (Color online) Band structure and partial density of states of cubic CsPbI3.
FIG. 6: The electron’s proper self energy in the (a) GW approximation, (b) GW0 approximation,
and (c) G0W0 approximation. W and W0 are given in (d) and (e), respectively. The single solid
line is the noninteracting electron propagator, while the double solid line is the interacting electron
propagator. The single dashed line is the bare Coulomb interaction. The double-dashed line (W)
is the screened Coulomb interaction in the GW approximation, while the wavy line (W0) is the
screened Coulomb interaction in the random phase approximation.
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that characterize the TB-mBJ method, we obtain band gaps that are in excellent agreement
with experiment. Using this new set of parameters, one should be able to predict the elec-
tronic structure of phases of these compounds that occur at different temperatures, as well
as those of similar compounds obtained by replacing the alkali metal with various organic
cations.
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